Gait disorders and postural instability, which are commonly observed in elderly patients with Parkinson disease (PD), respond poorly to dopaminergic agents used to treat other parkinsonian symptoms. The brain structures underlying gait disorders and falls in PD and aging remain to be characterized. Using functional MRI in healthy human subjects, we have shown here that activity of the mesencephalic locomotor region (MLR), which is composed of the pedunculopontine nucleus (PPN) and the adjacent cuneiform nucleus, was modulated by the speed of imagined gait, with faster imagined gait activating a discrete cluster within the MLR. Furthermore, the presence of gait disorders in patients with PD and in aged monkeys rendered parkinsonian by MPTP intoxication correlated with loss of PPN cholinergic neurons. Bilateral lesioning of the cholinergic part of the PPN induced gait and postural deficits in nondopaminergic lesioned monkeys. Our data therefore reveal that the cholinergic neurons of the PPN play a central role in controlling gait and posture and represent a possible target for pharmacological treatment of gait disorders in PD.
Introduction
Gait disorders and postural instability represent a major burden in the elderly population and are commonly observed in severe and advanced forms of Parkinson disease (PD; ref. 1) . While most parkinsonian symptoms can be alleviated by l-dopa replacement therapy, gait disorders respond poorly to dopaminergic drugs, which suggests that they are caused by nondopaminergic lesions.
Despite our current knowledge of the basic physiology of gait, the alterations in the central nervous system that cause gait disorders have yet to be identified. Experimental studies have revealed that the optimal site for the induction of rhythmic stepping behavior in decerebrate animals lies in a functionally defined mesencephalic locomotor region (MLR). Anatomically, the MLR encompasses the cuneiform nucleus (2) and the pedunculopontine nucleus (PPN), which is heterogeneously composed of cholinergic and noncholinergic neurons (3) . Whether these structures are involved in human gait is still under debate, given the inconsistent results of functional MRI (fMRI) studies using mental imagery of gait to model real gait (4) (5) (6) . In PD, among the different nondopaminergic neuronal systems affected (7) , cholinergic cell loss was found in the PPN of patients with the most severe dopaminergic degeneration (8) . Based on the assumption that gait failure is induced by PPN lesion or dysfunction (9) , recent therapeutic trials tested the efficacy of electrical modulation of the PPN in reducing these symptoms in selected parkinsonian patients (10) (11) (12) (13) (14) . However, the variability of the results raised doubts about the initial hypothesis and emphasized the need to determine the role of the PPN, in particular its cholinergic part, in gait and posture.
In the present study, using a broad range of approaches in humans and monkeys in either the normal or the parkinsonian state, we demonstrated that the PPN, and more particularly its cholinergic part, is essential in controlling the performance of gait and posture.
Results
The PPN region is activated during fast imagined walking in healthy humans. Since PPN neurons are reported to increase their firing rate in response to step frequency in human parkinsonian patients (15) , we hypothesized that the activity of the PPN region could be modulated by the speed of imagined gait. To address this issue, we performed an fMRI study in healthy subjects using a modified version of a previously validated paradigm (5) . The subjects were instructed to perform an imagery of gait (IG) task at either normal or faster speed, based on the assumption that imaginary movement and actual movement execution activate overlapping areas (15) . Imagery of object movement (IOM) was used as a control task; subjects were asked to imagine a disk moving in the same environment at either normal or faster speed (at around 30% faster). To ensure that the subjects had performed the tasks properly, we first measured imagery times required to perform the task, and verified that the faster the speed, the shorter the imagery time (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI42642DS1). The comparison between the IG and IOM conditions yielded significant activations in a network of brain regions that include the superior frontal gyri and the cingulate cortex ( Figure 1A and Table 1 ), as previously described (5) . As expected, the comparison between the faster IG and normal IG conditions revealed substantial activation of a single cluster in the MLR in the left midbrain ( Figure 1B) . Superimposed anatomical structures revealed that this cluster included the PPN and the adjacent cuneiform nucleus (Figure 1 , C and D). Therefore, the PPN and cuneiform nucleus were activated during fast IG.
Cholinergic neurons in the PPN degenerate in faller PD patients. Freezing of gait and postural instability are often encountered in severe and advanced forms of PD. Because several lines of evidence suggest that these symptoms may be related to the degeneration of cholinergic neurons within the PPN, we determined whether neuronal loss in this structure was more severe in PD patients with balance deficits and falls than in PD patients without them. Using stereology, we quantified the number of cholinergic neurons labeled for acetylcholinesterase (AChE) histochemistry on 5 anteroposterior, regularly interspaced PPN sections ( Figure 2 , A and B) in 3 groups of human brains: healthy controls (n = 8), PD patients without balance deficits or falls (nonfaller PD; n = 6), and PD patients with balance deficits and falls (faller PD; n = 6). The number of AChE + neurons in faller PD patients was significantly lower than in nonfaller PD patients (609 ± 61 vs. 934 ± 63 neurons; P < 0.01, Kruskall-Wallis test followed by Mann-Whitney U test) and in controls (1,058 ± 52 neurons; P < 0.01; Figure 2C ). The number of Nissl-stained neurons in the adjacent cuneiform nucleus, as measured by stereology, was not significantly different (P = 0.59, Mann-Whitney U test) between faller PD patients (3,502 ± 567 neurons/mm 3 ; 31% loss compared with controls) and nonfaller PD patients (3,152 ± 241 neurons/mm 3 ; 38% loss compared with controls). As expected, the number of tyrosine hydroxylase-positive (TH + ) neurons in the substantia nigra, as quantified by stereology, was severely reduced in both PD groups compared with controls (faller PD, 32,495 ± 4,799 neurons; nonfaller PD, 80,478 ± 30,968 neurons; control, 260,955 ± 19,482 neurons; P < 0.01, Mann-Whitney U test; Figure 2D ). Interestingly, the loss of dopamine neurons was also significantly more severe in faller than in nonfaller PD patients (P < 0.01, Kruskall-Wallis test followed by Mann-Whitney U test).
A loss of cholinergic neurons is detected in the PPN of aged parkinsonian monkeys displaying balance deficits. The current monkey models of PD are developed using 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a selective neurotoxin that produces dopamine depletion but no loss of PPN cholinergic neurons in young adult monkeys (16, 17 ). Yet, because aged but not young monkeys develop balance and postural deficits after intoxication with MPTP (18), we tested the possibility that these symptoms are associated with a loss of cholinergic neurons in the PPN. Young and aged MPTP-treated monkeys (total n = 8) developed motor symptoms (akinesia, rigidity, and episodes of tremor). Young MPTP-treated monkeys (n = 4) scored 10-12 on a disability scale of 0-25 (18) , with no balance or posture deficits. In contrast, aged MPTP-treated monkeys (n = 4) developed a more severe parkinsonism, with scores ranging between 14 and 19 on the disability scale, and displayed major balance deficits and abnormal postures, as previously reported (19) . To identify neuronal correlates of these differences, we analyzed nigral dopaminergic neurons and cholinergic neurons in PPN following sacrifice of the animals. Both groups of MPTP-treated animals displayed a dramatic loss of dopaminergic neurons in the substantia nigra and of dopaminergic fibers in the striatum (Supplemental Figure 2 ). In the aged MPTP-treated monkeys, the density of TH + fibers, as quantified by optical density measurements, showed a significant decrease of 90% in the caudate nucleus and 95% in the sensorimotor putamen compared with the controls. In the young animals, the decreases were 93% and 96%, respectively. PPN cholinergic neurons were then identified by NADPH diaphorase histochemistry ( Figure 3A ), which selectively labels these neurons in the PPN (18) . They were quantified by stereology on 5 anteroposterior, regularly spaced sections throughout the PPN. The total number of NADPH + neurons did not differ between young and aged monkeys (young, 1,038 ± 18 neurons; aged, 885 ± 55 neurons; Figure 3B ). In contrast, whereas MPTP did not affect the number of NADPH + neurons in young animals (949 ± 33 neurons), it induced a 30% loss of cholinergic neurons in aged monkeys (600 ± 19 neurons; P < 0.01, Mann-Whitney U test).
Figure 1
Cerebral activity during IG and IOM in 15 healthy volunteers. (A) Regions of significant activation superimposed on a rendered brain viewed from above, showing increased activity in the superior frontal gyrus bilaterally (yellow circles) and the right precentral gyrus (blue circle) for the comparison of IG versus IOM (P < 0.001, uncorrected for multiple comparisons; cluster size, >30 voxels). (B) Regions of significant activation superimposed on T1-weighted images (top, sagittal; middle, transverse; bottom, coronal), showing increased activity in the left PPN and cuneiform nucleus for the comparison of faster versus normal IG (P < 0.001, uncorrected for multiple comparisons; cluster size, >30 voxels). Activity in this region survived a small volume correction (10-mm radius) for multiple comparisons (family-wise error, P < 0.05). (C) Regions of significant activation, superimposed on the tracing of cerebral contours in the PPN region, in a coronal MRI section. (D) Posterior view of the PPN and cuneiform nucleus. (E) Plots of activity in left PPN and cuneiform nucleus (x, -3; y, -22; z, -13) for normal and faster IG conditions. For t values of each contrast, see Table 1 . CuN, cuneiform nucleus; DSCP, decussation of superior cerebellar peduncle; L, left; ML, medial lemniscus. Scale bars: 10 mm.
Because microglia may contribute to changes in normal aging, we analyzed the microglial reaction in the PPN of our young and aged normal monkeys. An increased number of microglial cells stained for HLA-DR antigen was detected in aged compared with young monkeys (2.4 ± 0.3 versus 1.5 ± 0.2 cells/mm 3 ; P < 0.01, Mann-Whitney U test).
Cholinergic lesion within the PPN induces gait and postural disorders. Since the PPN was activated in the IG task in healthy humans, and since PPN cholinergic lesion was associated with gait disorders in both human disease and the monkey model of PD, we sought to demonstrate experimentally that PPN cholinergic lesion without dopaminergic injury is sufficient to induce a gait deficit. Bilateral injections of urotensin II-conjugated diphtheria toxin (3-10 μl, 20%-30%) in the PPN of 5 animals resulted in significant and reproducible changes in gait and posture during the 7-8 weeks of survival. These symptoms included a decrease in the angle of the knee and in step length and speed, an increase in the back curve, deviation of the hindquarters and of the head, modification of the tail position (axial rigidity), and arm and leg rigidity ( Figure 4 and Table 2 ). Importantly, no modification of global motor activity in the home cage was detectable, except for animal M2. None of these gait and postural parameters improved after injection of 120 μg/kg apomorphine ( Figure 4 ), which confirmed that they were unrelated to dopamine depletion.
Cholinergic neurons of the PPN were then studied postmortem by NADPH diaphorase histochemistry ( Figure 5B ). Mapping of the injection sites ( Figure 5C ) revealed that even though the loss of cholinergic neurons was variable from one monkey to another, all injection sites were located within the cholinergic part of the PPN in all animals ( Figure 5D ). The number of NADPH + neurons was reduced by a mean of 39% in the lesioned animals compared with controls (PPN-lesioned, 4,951 ± 621 neurons, n = 5; control, 8,178 ± 236 neurons, n = 5; P < 0.01, Mann-Whitney U test; Figure 5E ). Moreover, we also determined that myelinated fibers were preserved after the toxin injections ( Figure 5F ).
Comparison of gait and posture disorders between MPTP-induced dopaminergic injury and PPN lesion. We then compared bilateral PPN lesion-induced gait and walking disorders with those induced by the dopaminergic depletion caused by MPTP injection. The most prevalent symptom observed in the 4 MPTP-treated macaques was akinesia, assessed on the basis of a dramatic and significant decrease in global activity in the home cage, in arm speed during a food retrieval task, and in step speed during locomotion ( Figure 4 ). The animals also displayed a cog-wheel rigidity of the extremities, characteristic of the parkinsonian state and unlike the rigidity observed in monkeys with PPN lesion. Gait and posture deficits observed in the MPTP-treated macaques included a decrease in step length and speed and an increase in the back curve, as in monkeys after PPN lesion. However, the major difference between the 2 groups was that in MPTPtreated animals, these symptoms were significantly reversed by apomorphine treatment ( Figure 4 ).
Discussion
Identifying the brain structures involved in gait and balance and elucidating their dysfunction are prerequisites for the development of new treatments designed to reduce the occurrence of falls in the elderly, a major public health and community problem. Our study is the first to our knowledge to demonstrate that gait and posture in primates are under the control of cholinergic neurons of the PPN. This statement is based on converging evidence from (a) an fMRI study that showed increased activation of the MLR, and more particularly the PPN, during fast compared with normal IG in healthy human subjects and (b) an experimental study showing that lesion of the cholinergic neurons of the PPN was sufficient to produce gait and posture deficits in normal monkeys. In addition, we found a correlation between the loss of PPN cholinergic neurons and balance deficits in the parkinsonian state and in aged MPTP-treated monkeys. This result helps to clarify the pathophysiology of l-dopa-resistant deficits of gait and posture in advanced forms of PD and highlights the key role of a PPN cholinergic lesion in these symptoms.
One of the main findings of our study was that PPN lesion induced gait deficits. This is in line with previous experimental studies showing that electrical or pharmacological manipulations of the PPN region can modulate gait on a treadmill in decerebrate cats and rodents (2, 20, 21) . In these experiments, increasingly higher levels of electrical stimulation of the PPN region drove the frequency of stepping from a walk to a gallop (22) , which suggests that the activation level of the PPN area is critical for the cadence of gait. This is consistent with our fMRI results obtained in healthy humans during IG, in which the PPN region was activated after an increase in the speed of gait. Likewise, extracellular recordings of the PPN region obtained in human parkinsonian patients showed that neurons increase their firing rate according to step frequency (15) . Conversely, PPN activation could be related to higher-order functions, such as the visuospatial or attentional processes needed to maintain a certain level of motor performance in faster gait. Experimental data in rodents suggest that the PPN establishes high-order function rather than basic motor control (23) . In line with this concept, the axial deficits observed in the present study after specific cholinergic lesion of the PPN were surprising, since they contrast with previous results obtained after experimental lesion of the PPN without discrimination of targeted neuronal subtypes as performed with ibotenic lesions in rats. These ibo- tenic PPN lesions resulted in subtle cognitive deficits, but failed to induce impairment in spontaneous locomotion (24, 25) , except for a deficit in baseline activity when the lesion involved the anterior PPN (26) . In monkeys, PPN lesion induced typical parkinsonism with akinesia and hypertonia, but the behavioral analysis in the previous studies did not focus on gait and posture (27) (28) (29) . In this context, it is intriguing that the PPN lesions we performed in monkeys failed to produce akinesia. These discrepancies could be related to the subtype of injured neurons or to the size of the lesions. Indeed, in previous studies in primates, the lesions were made using kainate, an excitotoxin not specific to a particular neuronal population that produces strong seizures and very large lesions. Therefore, it is quite possible that some structures adjacent to the PPN also participated in the development of akinesia and hypertonia. Moreover, in the previous studies, primate behaviors were tested during the first 7 postoperative days, when excitotoxin had seizure-promoting activity (30), but not later. In contrast, the PPN lesions made in our macaques selectively targeted a small population of neurons and were not sufficient to produce akinesia, but were large enough to induce clear postural and gait deficits that persisted until 7 weeks after surgery. The large cluster of activation that we detected in the left PPN region of right-handed healthy subjects during fast imagined walking suggests the dominance of this left brainstem region for the locomotor system. In support of this view, a further comparison between the faster and normal IG conditions with a more lenient threshold (P < 0.005, uncorrected) highlighted an additional activation located in the left supplementary motor area (x, -8; y, -2; z, 54), which is the repository of the dominant right leg representation and is connected to the left PPN. This left dominance is in line with previous studies demonstrating that certain higher motor functions, such as execution of movement sequences, might be controlled more by the left hemisphere than by the right for both left- and right-limb movements (31, 32) .
The postural and gait deficits that we observed after PPN lesions may partially resemble those obtained after dopaminergic denervation, since they share common features, such as rigidity, reduction of step length, or stooped posture during walking. However, a cog-wheel rigidity of the limbs was a characteristic that macaques displayed only after MPTP treatment, not after PPN lesion. Moreover, results of more detailed analysis supported the conclusion that the deficits actually differed, since no improvement of the symptoms with dopamine agonist treatment were observed after PPN lesion. In summary, our data demonstrated that while the dopaminergic system participates in the control of gait and posture, the PPN cholinergic system plays a complementary role with a specific contribution for each of these 2 systems. Additional fMRI experiments comparing PPN activation in faller and nonfaller PD patients and in healthy subjects would provide further clues to the role of the PPN in axial symptoms.
A prominent finding of our study was that cholinergic neurons of the PPN were involved in gait and balance disorders. The toxin that we used preferentially targeted the cholinergic neurons of the PPN, yet because some noncholinergic neurons were also affected (Supplemental Figure 4 , B and C), we cannot entirely rule out the possibility that some symptoms may arise from a noncholinergic lesion. However, several lines of evidence from the postmortem data suggest that cholinergic lesions play a role in gait and balance disorders. Indeed, we observed a correlation between gait disorders and cholinergic neuronal loss within the PPN of PD patients. Previous studies already showed that cholinergic neuronal loss within the PPN was correlated with the level of dopaminergic degeneration (8) and with the clinical severity of the disease (33) . However, to our knowledge, this is the first postmortem study in PD patients establishing a correlation between the occurrence of falls and freezing and the loss of cholinergic neurons in the PPN. We are aware that this correlation could be explained by confounding factors, such as a higher level of dopaminergic cell loss in patients with severe PPN cholinergic lesion. However, this possibility is unlikely, since the axial symptoms that we observed in the PD patients with prominent PPN cholinergic loss were not improved by dopaminergic treatment. Alternatively, the involvement of lesions in other brain structures (7) in the control of gait and posture might explain these symptoms. Nevertheless, the fact that the degree of neuronal loss in the cuneiform nucleus was not significantly different in the 2 groups of PD patients argues against the likelihood that whole-brain degeneration is more severe in faller than in nonfaller PD patients.
It is also interesting to note that PPN cholinergic neurons also degenerated in aged MPTP-treated monkeys, which develop postural and balance deficits after MPTP treatment (19) . At first sight, this finding is puzzling since MPP+, the active metabolite of MPTP, is selectively taken up by dopaminergic terminals and thus does not act directly on cholinergic neurons. One possible explanation for this finding could be related to the profound atrophic changes that occur in cholinergic neurons of the PPN during aging (34, 35) . An age-related increase in activated microglial cells in the PPN of aged normal monkeys, as observed in the present study, could also account for MPTP toxicity on cholinergic cells in aged MPTP-treated monkeys (36) . Since PPN neurons project to nigral dopaminergic neurons (37) , which, conversely, project back to PPN neurons (38) , it is also possible that loss of target neurons or lack of proper dopaminergic inputs induced by MPTP treatment is added to age-related alteration of cholinergic neurons.
Finally, our findings provide a rationale for specifically targeting the cholinergic entity of the PPN as a strategy for the treatment of falls. Indeed, the direct involvement of PPN neurons in the control of gait and posture is in line with recent clinical data in PD patients showing that low-frequency electrical stimulation of the PPN area improved axial symptoms (10) (11) (12) (13) (14) . The contribution of PPN cholinergic neurons could not have been determined previously from studies that used electrical stimulation or pharmacological manipulations. Thus, the identification of a specific subset of neurons crucially involved in postural control is of clinical significance, since better functional mapping of the PPN area may lead to the improvement of surgical targeting. Indeed, given the close proximity of the cholinergic and noncholinergic compartments within the PPN, the effects of electrical stimulation would vary according to current intensity and electrode location. Alternatively, pharmacologic manipulation of the surviving cholinergic neurons, or a strategy aimed at their protection, might represent an alternative therapeutic approach for falls in parkinsonian patients or for elderly people suffering from falls. Our results suggest that enhancing the cholinergic signal at the level of PPN targets could be a symptomatic treatment for gait failure in advanced PD. The administration of cholinesterase inhibitor would increase the efficiency of the acetylcholine released by the surviving cholinergic neurons. Yet, as observed for cognitive functions in patients with Alzheimer disease, the benefit of such manipulation would appear to be rather limited. Administration of nicotine or nicotinic agonists to act postsynaptically on cholinergic receptors might prove a more effective form of pharmacological manipulation. One of the main limitations of all these approaches is the lack of specificity of cholinergic manipulation for the PPN cholinergic system. Identification of cholinergic agonists specific to receptors expressed in the targets of cholinergic PPN neurons could also be a promising approach. 
Methods

fMRI study
Subjects. We scanned 15 healthy volunteers (7 females and 8 males) with a mean age of 24.7 ± 1.3 years. The study was approved by the local ethics committee, and written informed consent was obtained from all subjects in accordance with the Declaration of Helsinki. All participants were consistent righthanders (Edinburgh Handedness Inventory score, 89.88% ± 2.91%; ref. 39).
Experimental task. For the experimental task, subjects were first familiarized with a corridor with a path in the middle (length, 8 m; width, 2.30 m) and were asked to walk along the path 3 times at a normal speed (1.14 ± 0.10 m/s) and 3 times at around 30% faster (1.49 ± 0.12 m/s). Then, the subjects were shown video recordings of a disc moving in a straight line, at a uniform speed (either normal or faster speed) through the corridor. Subjects then performed a training session. There were 4 conditions: normal IG, faster IG, normal IOM, and faster IOM. For the IG conditions, subjects were asked to imagine walking along the path in a first-person perspective, as if their legs were moving, but without making any actual movements. For the IOM conditions, subjects were asked to vividly evoke a black disc moving along the path, starting from the beginning of the corridor and stopping at the end. During each trial, subjects first saw a photograph of the corridor, with a specific instruction written on it (normal IG, faster IG, normal IOM, faster IOM), projected onto a screen. Once the subjects were ready to start the imagery trial, they were instructed to close their eyes and press a button to signal that they had started imagining walking or seeing the disc moving. Subjects pressed the button again when they imagined that they or the disc had reached the end of the trajectory. A fixation cross was then presented on the screen (intertrial interval, 6-12 s), and the subjects could open their eyes. The training session was performed first outside the scanner (40 trials, 10 per condition), and then inside the MRI scanner (28 trials, 7 per condition). Functional imaging was done immediately after the training session, using an event-related design. Each stimulus presentation was controlled through a PC running Cogent software (Wellcome Department of Imaging Neuroscience). Motor responses (button presses with right thumb) were recorded via an MRI-compatible 1-button stick (Current Designs). The IG and IOM trials (80 trials, 20 per condition) were performed in 2 runs of around 15 minutes each. For each run, the trial order was pseudorandomized across the experimental factors (i.e., IG or IOM and normal or faster speed).
Figure 4
Comparison of MPTP-induced gait and postural disorders with those induced by bilateral cholinergic lesion. Gait and postural parameters were evaluated in macaques (n = 9) in 3 conditions: under control conditions, after bilateral destruction of PPN cholinergic neurons (n = 5) or MPTP intoxication (n = 4), and after apomorphine treatment (apoM). Only results obtained in animal M4, with PPN lesion, and M6, treated by MPTP, are illustrated on the graphs. Symptoms included a decrease in the angle of the knee (A) and in step length and speed (B), an increase in the height of the back (C), modification of the tail position (axial rigidity; D), and arm and leg rigidity (E). The most prevalent symptom observed after MPTP intoxication was akinesia, as assessed by a dramatic and significant decrease in global activity (F). All these symptoms were significantly reversed by apomorphine treatment in MPTP-treated animals, but not in animals with PPN lesion. *P < 0.05, **P < 0.01, ***P < 0.001, PPN lesion versus control; # P < 0.05, ## P < 0.01, ### P < 0.001, MPTP intoxication versus control, Friedman test followed by Wilcoxon test. Data preprocessing. Imaging data were preprocessed with SPM5 statistical parametric mapping software (http://www.fil.ion.ucl.ac.uk/spm) implemented on MATLAB (MathWorks Inc.). Images were corrected for differences in timing of slice acquisition, followed by rigid body motion correction. The motion parameters for translation (x, y, and z) and rotation (yaw, pitch, and roll) were included as covariates of noninterest in the general linear model. Following the coregistration of functional and structural images, the anatomical images were segmented and normalized to stereotactic Montreal Neurological Institute (MNI) space. Functional images were then normalized using the same normalization parameters and smoothed with a 10-mm full width at half-maximum isotropic Gaussian kernel. The time series were high-pass filtered (to a maximum of 1/128 Hz) to remove low-frequency noise. 4 event types were modeled: normal IG, faster IG, normal IOM, and faster IOM. The average hemodynamic response to each event type was modeled using a canonical, synthetic hemodynamic response function (40, 41) . Onsets of the events were time-locked to the button press marking the onset of imagery, and duration was set at 0. Regions of significant activation were superimposed on the tracing of cerebral contours in the PPN region, drawn from a 3D histological atlas of the basal ganglia (40, 41) that had been deformed to the MRI template used for the fMRI analyses.
Human postmortem study in PD
The study was performed on brain tissue sections from 8 control individuals, who died without known neurological or psychiatric deficit, and from 12 PD patients. Mean age at death was 85 ± 3 years for controls and 81 ± 3 years for PD patients. Clinical data were retrospectively extracted from patients' charts by 2 raters blinded to the results of stereological quantification of neurons. All PD patients had been treated with l-dopa or dopamine agonists. The diagnosis of PD was made on clinical grounds according to the UKPD Brain Bank Criteria (42) and confirmed postmortem on the basis of neuropathological examination. PD patients were distributed between 2 groups according to the scores for items 29 (balance) and 30 (gait) of the Unified PD Rating Scale (UPDRS; ref. 43 ) obtained while patients were in the "on" medication state. The range was 0-4, with a higher score indicating a more severe impairment. Patients scoring 2 or higher on one of these items were classified in the group characterized by balance deficits or falls (n = 6). The other patients had no balance deficits or falls (n = 6).
Macaque study
Animals. All experiments were carried out in accordance with the recommendations contained in the European Community Council Directives of 1986 (86/609/EEC) and the NIH Guide for the Care and Use of Laboratory Animals and were approved by the French Animal Ethics Committee of INSERM. The animals were housed under conditions of constant temperature (21°C ± 1°C), humidity (55% ± 5%), and air replacement (16 times/h), on a 12-hour light/12-hour dark cycle with access ad libitum to food and water. In order to quantify the loss of PPN neurons after MPTP treatment, we used brain sections obtained from macaques previously analyzed for another study (35) . There were 7 aged macaques (Macaca arctoides), estimated to be about 30 years old according to their dentition and the appearance of their hair, and 8 young macaques (Macaca fascicularis), aged 3-5 years. The present study also included 5 M. fascicularis used for testing the effect of bilateral PPN lesion on gait and posture and 4 M. fascicularis intoxicated by MPTP to test the effect of dopaminergic lesions on gait and posture; they were 5-6 years old and their weights ranged from 3 to 5 kg.
Behavioral analysis. We initially habituated 9 macaques to walk guided with a pole in a corridor; this learning period lasted about 2-3 months per animal. The animals were videotaped with orthogonally positioned cameras (face and profile). The animals' right and left sides were both considered. The video recordings were analyzed offline in order to quantify various parameters of gait and posture. For this purpose, images were extracted from the face and profile videos, each image being selected on the basis of the body axis of the animal during the walk sequence, which had to be parallel to a line drawn on the floor, and of the position of its arms and legs, which had to be identical from one image to another. The parameters were the angle of the knee and the elbow; the height of the pelvis (length of the perpendicular straight line between the tail insertion and the line between the 2 feet) and of the back (distance between the line extending from the tail insertion and the top of the neck and the parallel line tangent to the top of the back); the step length (distance between 2 consecutive contacts of the same foot) and speed (step length divided by its duration, estimated from the number of consecutive images between 2 consecutive ground contacts of the same foot); and the tail position. These different parameters were quantified using ImageJ software (http://rsb.info.nih. gov/ij/links.html). Animals were also trained to sit quietly in a primate chair and be manipulated by the examiner to clinically assess rigidity and tremor 
Mean values of parameters of posture and gait were calculated in monkeys with PPN lesion or intoxicated by MPTP, and after subsequent apomorphine treatment in both groups. Effects obtained are expressed as a percentage of the corresponding mean value in controls. Quantity of movement was calculated as described in Methods. The effect of lesion and apomorphine treatment on limb rigidity and pelvis deviation was evaluated on a 0-3 scale and was not statistically compared with the control condition. X, not measured. A P < 0.01 versus control; B P < 0.01 versus respective treatment prior to apomorphine, Kruskall-Wallis test followed by Mann-Whitney U test in the event of statistically significant differences.
(rated between 0 and 3). They also learned a simple food retrieval task to study the execution of voluntary movements of the upper arms, during which speed of arm movement was quantified. The task consisted of picking up food pieces placed in wells on a 24-well board. The animals were taught to retrieve the food on the right and left part of the board with their right and left hands, respectively. The motor activity of the macaques was assessed when they were free to move in their home cage and was performed using a video image analyzer system (Vigie Primates ViewPoint). Using this system, the quantity of movement was expressed in arbitrary units and calculated as changes in gray level in pixels from one image to the next, counted every 80 ms for 20 minutes.
MPTP treatment. We used brain sections obtained from 3 aged and 4 young macaques that received MPTP treatment (0.25-0.60 mg/kg) as previously described, and 4 young and 4 aged macaques were used as controls (38) . For the present study, we also intoxicated 4 young macaques (M. fascicularis) using the same protocol. Parkinsonian symptoms (akinesia, rigidity, postural instability, and intermittent episodes of tremor) were scored on a disability scale of 0-25 (18) .
Injection of urotensin II-conjugated diphtheria toxin. PPN lesions were performed on 5 macaques. Animals were tranquilized with ketamine (10 mg/kg) and atropine (0.1 mg/kg) and placed in a stereotactic apparatus, where they were maintained on isoflurane anesthesia (1%-2%). A solution of isotonic saline was given i.v. to maintain fluid levels, and solumedrol (0.2 ml/kg) was administered to preclude brain edema. All surgical procedures were performed aseptically, and recordings of heart rate, respiration patterns, blood pressure, and body temperature were monitored throughout the surgery. Lesion was performed by injecting a urotensin IIconjugated diphtheria toxin locally into the PPN region. This toxin has been developed to specifically kill PPN cholinergic neurons, which have previously been shown to express specifically the urotensin II receptor in rodents (44) . The stereotactic injections were guided by radiological visualization of ventricular landmarks (anterior and posterior commissures; ref. 45 and Supplemental Figure 3) . A fine needle attached to a 10-μl Hamilton syringe beveled at a 30° angle was used for toxin infusion. Lesions were made by giving 4 infusions per hemisphere (2 depths at 2 anteroposterior locations). Each injection was slowly infused (0.2 μl/min), and the needle was maintained in position for an additional 10-minute period before infusing the next location. Once the injections had been performed, the skin was sutured, and Carprofene (0.1 ml/kg; Vericore Limited) was given for analgesia. The neurotoxin was first stereotaxically injected unilaterally; then, 3-4 weeks later, a contralateral injection was performed using the same procedure. To exclude nonspecific behavioral effects, a sham injection was performed in the right PPN of animal M2 at 2 weeks before the toxin was injected. No behavioral changes were observed under such conditions. Volume, concentration, and specificity of the toxin. The effective range of toxin was explored in monkey M1. It was found that 10 μl of 3% and 5% doses (diluted in sterile water and injected at 2 different anteroposterior levels of the same hemisphere) did not produce any postural deficits and resulted in very small lesions of the cholinergic neurons (17% maximum; Supplemental Figure 4A ). The 10% dose injected 3 weeks later in the other hemisphere of the same animal induced very slight deficits and small lesions (21% maximum). We thus decided to inject a 30% dose in monkeys M2 and M3 (3 and 10 μl, respectively) and a 20% dose in monkeys M4 and M5 (10 μl). All these injections produced significant behavioral changes and cholinergic neuronal loss. We then tested the specificity of the toxin and estimated the loss of noncholinergic neurons on adjacent sections labeled for NADPH diaphorase and a marker of neuronal cell bodies (NeuN; Supplemental Figure 4B) . Whatever the concentration used, some NeuN + neurons remained at the periphery of the injection site, where 100% of cholinergic neurons were lost. The higher the concentration, the greater the loss of noncholinergic neurons observed (Supplemental Figure 4C ). In conclusion, the toxin preferentially, but not exclusively, destroyed cholinergic neurons.
Apomorphine treatment in young macaques. Apomorphine (120 μg/kg; Aguettent) was given i.m. after PPN lesion or MPTP intoxication (2-3 weeks after the surgery or the last MPTP injection when symptoms reached a maximum level of severity) in order to test whether the behavioral changes induced by the lesion are dopamine-resistant symptoms.
Histochemistry
All macaques were deeply anesthetized and intracardially perfused with 4% paraformaldehyde in PBS. Brains were removed, immersed in 30% sucrose in PBS, and frozen. Transverse sections 50 μm thick were cut on a freezing microtome and stored at 4°C in PBS containing sodium azide until immunohistochemical analysis.
Series of regularly interspaced (500 μm apart) sections of macaque brains were processed for NADPH diaphorase histochemistry as previously described (46) . Some sections were counterstained with neural red or Cresyl violet. Other series of free-floating sections used for immunohistochemistry were incubated in the antibodies mouse anti-TH (1:5,000; Immunostar) or mouse anti-NeuN (1:500; Chemicon) at 4°C for 2 days. They were then incubated in peroxidase-conjugated anti-mouse secondary antibody. The antibodies were visualized by peroxidase histochemistry with diaminobenzidine as substrate (Vector Labs). Some sections were also stained with luxol fast blue to label myelinated fibers. In order to analyze the microglial activation, series of sections were also stained for HLA-DR (α chain, 1:50 monoclonal antibody; Dako) as previously described (47) .
After autopsy, the human brains were halved sagittally, and one half was dissected into smaller blocks of tissue and fixed in 4% paraformaldehyde and 15% picric acid as previously described (43) . Regularly interspaced free-floating 40-μm frozen transverse sections of the PPN (every 720 μm) were then processed for histochemical detection of AChE (48) and counterstained with cresyl violet.
Data analysis
The criteria used to delineate the boundaries of the PPN have been described previously (46) . The number of AChE + neurons in humans and the number of NADPH + neurons in macaques were counted on 5 regularly interspaced PPN sections covering the anteroposterior extent of the structure. The sections were matched anatomically in each of the brains, while verifying that the cross-sections of the PPN were similar in all individuals. The extent of dopaminergic denervation in PD patients was assessed by counting TH + neurons on 8 regularly interspaced nigral sections (every 1,440 μm) using the same method. Estimation of the total number of cholinergic and dopaminergic neurons was performed using a semiautomatic stereology system with a computer-based system (Mercator; ExploraNova). The number of Nissl-stained noncholinergic neurons in the cuneiform nucleus, and of HLA-DR + cells in the PPN, was counted using the same stereological method and expressed as the number of cells per cubic millimeter. In MPTP-treated macaques, the density of TH + immunoreactivity was quantified in the striatum by measuring the optical density under brightfield illumination, as previously described (49) .
Statistics
For fMRI analysis, a paired t test was used to determine whether means from the healthy subject group varied over 2 test conditions: IG versus IOM and normal versus fast walking speed. Parameter estimates for IG and IOM at normal and faster speed were determined using planned contrasts. The linear combinations of parameter estimates for each contrast were stored as separate images for each subject. These contrast images were entered into a 1-sample t test, to permit inferences about condition effects across subjects that generalize to the population (i.e., a random-effects analysis). These contrasts produced statistical parametric maps (SPMs) of the t statistics at each voxel. Considering our a priori hypothesis regarding the involvement of the PPN region in IG versus IOM comparisons (including both normal and faster speed) and in faster versus normal IG, and given the small size of the structure, contrasts were thresholded with a P value of 0.001, uncorrected for multiple comparisons, unless stated otherwise. Only activations involving contiguous clusters of at least 30 voxels were interpreted.
A Kruskall-Wallis test followed by a Mann-Whitney U test was used to compare neuronal loss in 3 groups (faller PD, nonfaller PD, and control), and a Mann-Whitney U test alone was used to determine whether a difference existed between 2 groups of individuals.
The walk of each macaque was analyzed from 3-5 video sequences taken in 3 conditions: control, after PPN or dopaminergic lesion, and after apomorphine injection. For each animal, 25 images were extracted from frontal video, and 25 other images from profile video, each image being selected on the basis of the body axis of the animal during the walk sequence as described above. The mean values of each parameter were then calculated for a given individual, and a Friedman test was then used to analyze the differences among the 3 conditions, followed by a Wilcoxon paired-sample test in the event of statistically significant differences. The mean values of parameters calculated for a given animal were also expressed as a percentage in 5 monkeys with PPN lesion and after apomorphine treatment, and in 4 monkeys intoxicated by MPTP and after apomorphine treatment. A Kruskall-Wallis test was then used to analyze variance among the 3 conditions, followed by a Mann-Whitney U test in the event of statistically significant differences. The effect of lesion and apomorphine treatment on the limb rigidity and pelvis deviation parameters was evaluated on a scale of 0-3 and was not statistically compared with the control condition. All data are presented as mean ± SEM. A value of P < 0.05 was considered to be statistically significant, except for fMRI data (P < 0.001).
